Introduction: Estrogen is a driver in the growth and progression of gynecologic cancers (cervical, ovarian, and uterine). A number of estrogenically active chemicals are suspected to contribute in the development of gynecologic lesions, including an increased risk of estrogen-dependent cancer in women. Humans are exposed to estrogenic endocrine disruptors (EEDs), such as-polychlorinated biphenyls (PCBs), phthalates and bisphenol A (BPA). Therefore, we examined the cross-sectional relationship between exposure to PCBs, phthalates, and BPA and gynecologic cancers (cervical, ovarian, and uterine).
Introduction
Based on 2009-2013 survey, NCI SEER 2016 estimates that the number of new cases of gynecologic cancers-cervical, endometrial and ovarian was 7.5, 25.4 and 11.9 per 100,000 women per year, respectively [1] . However, in terms of deaths, ovarian cancer leads to more deaths than uterine and cervical cancers. To prevent new incidence of gynecologic cancers, it is important to understand the associated environmental and molecular risk factors. In most cases, the exact cause of these cancers is not known. Genetics can only account for 5-10% of gynecologic cancer risks and the rest possibly can be attributed to hormonal and environmental influences.
Epidemiologic studies support unopposed elevated levels of estrogen exposure including endocrine-active chemicals and their association with increased risk of developing cervical, ovarian and endometrial cancers [2] [3] [4] [5] [6] [7] [8] . A recent report by the United Nations Environment Program (UNEP) and WHO highlighted the increasing rates of endocrine-related cancers over the past 40-50 years in conjunction with approximately 800 chemicals that are suspected to act as endocrine disruptors [9, 10] . Many of these chemicals are used in a variety of consumer products; therefore, exposure to endocrine disrupting chemicals among general population is widespread. Human exposure to endocrine disrupting chemicals may result from inhalation from air, absorption through the skin, and most commonly through the ingestion of contaminated food and water [11] . Human populations are constantly exposed to a wide variety of estrogenic endocrine disruptors (EEDs). Exposure to multiple EEDs, such as polychlorinated biphenyls (PCBs), phthalates, and bisphenol A (BPA) have been detected in 90% of blood and urine samples collected [12] [13] [14] in various human studies during the last decade.
The role of EEDs, in the etiology of some of the human gynecologic cancers and reproductive health hazards, has been implicated, although the linkage between these two processes is highly controversial [2] [3] [4] [5] [6] [7] [8] . In rodent experimental models, neonatal exposure to DES, dioxin-like compounds, 2,2',4,4',5,5'-hexachlorobiphenyl (PCB153); 2,3',4,4',5-pentachlorobiphenyl (PCB118); hydroxylated polychlorinated biphenyls BPA affects the adult uterine response to hormone and induces reproductive lesions including uterotrophy, uterine hyperplasia and cancer, cervicovaginal (CV) tract carcinomas [15, 16] . Animal studies have linked PCB exposure to decreased sperm fertilizing ability in mice [17] , changes in the uterine myometrium [18] , and exhibited a significant dose-dependent relationship in the prevalence and severity of endometriosis in rhesus monkeys [19] . Among various phthalates, di (2-ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP) and butylbenzyl phthalate (BBP) have been studied for their endocrine disrupting effects. Phthalates were shown to produce anti-androgenic effects by suppressing testosterone and oestrogen production. At very high phthalate levels, reproductive abnormalities were reported in rodent females which included increased uterine and ovarian weights, and delayed onset of puberty [20] . In our earlier study [21] , we have shown that bisphenol A (BPA) is oxidized to bisphenol-o-Quinone by cytochrome P450 activation system. Administration of a single dose or multiple doses of 200 mg/kg of BPA to CD1 male rats produced in vivo DNA adducts with matching dGMP-bis-phenol-o-Quinone profile. Further, covalent modifications in DNA by in vivo exposure of BPA are suspected to be a factor in the induction of endocrine toxicity [21] . In rodent females, BPA exposure has shown to cause alterations in the mammary gland development, changes in gene expression of the mammary gland and many other gynecological cancer related disorders and impairments. For example, BPA exposure has also been shown to cause cystic ovaries, endometrial hyperplasia, adenomyosis, leiomyomas, atypical hyperplasia, stromal polyps, ductal hyperplasias and carcinoma, a decline in fertility and fecundity, decreased wet weight of the vagina, decreased volume of the endometrial lamina propria, and an increased expression of estrogen receptor-α (ERα) and progesterone receptors [20, [22] [23] [24] [25] [26] [27] . Estrogen is a major driver in the growth and progression of gynecologic cancers (cervix, ovary, and uterus) [2] [3] [4] [28] [29] [30] . PCBs, BPA, and phthalates are extensively studied estrogenically active chemicals, and therefore, our objective of this study was to use the available National Health and Nutrition Examination Survey (NHANES) data (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) to assess the association of gynecologic cancers (cervix, ovarian, and uterine) with exposure to these three selected classes of EEDs: PCBs, BPA, and phthalates.
Methods

Study design and population
We obtained blood serum concentrations of individual PCB congeners (6 individual PCB congeners, the sum of dioxin-like PCBs, and the sum of non-dioxin-like PCBs) and urinary phthalates and bisphenols data from the NHANES (http://www.cdc.gov/nchs/nhanes/ index.htm) as described by Marissa et al. [8] .
Gynecologic cancers data collection
We included female NHANES participants of 25 to 85 years of age who completed the physical exam, reproductive questionnaire, and medical health questionnaire and provided a response for "Have you ever been told by a doctor or other health professional that you had cancer or a malignancy of any kind?" Women who answered "yes" were subsequently asked "What kind of cancer was it?" A total of 8,315 women who provided a response in the 1999-2004 survey cycles to for "Have you ever been told by a doctor or other health professional that you had cancer or a malignancy of any kind?" question. After removing the observations that did not include PCB data, our PCB study population consisted of 2,072 participants: 27 reported a cervical cancer diagnosis, 11 reported an ovarian cancer diagnosis and 26 reported a uterine cancer diagnosis and women who did not report a cancer diagnosis ranged from 1955 to 1962 depending on the PCB congener being evaluated.
Our phthalate study population consisted of women of 20 to 85 years of age who provided a response in the 2003-2010 survey years to "Have you ever been told by a doctor or other health professional that you had cancer or a malignancy of any kind?" question. After removing creatinine observations that were <30 mg/dL and >300 mg/dL our study populations consisted of 3,003 participants of whom 28 reported a cervical cancer diagnosis, 20 reported an ovarian cancer diagnosis, 27 reported a uterine cancer diagnosis and 2,731 reported no cancer diagnosis.
Our BPA study population consisted of women of 20 to 85 years of age provided a response in the 2005-2010 survey cycles to for "Have you ever been told by a doctor or other health professional that you had cancer or a malignancy of any kind?" question. After removing creatinine observations that were <30 mg/dL and >300 mg/dL our study populations consisted of 2,202 participants of whom 16 reported a cervical cancer diagnosis, 16 reported an ovarian cancer diagnosis, 22 reported a uterine cancer diagnosis, and 2,070 reported no cancer diagnosis.
Statistical analysis
Due to a small number of cervical, ovarian, and uterine cancer cases, we conducted logistic regression analyses using the following two groups: Level of detection (LOD) to 50th percentile (reference) vs. ≥ 50th percentile. We also conducted separate analyses on females with serum PCB, phthalate, and BPA levels >LOD where gynecologic cancers cases were compared with non-cancer cases. Significance was set at p <0.05. As described in our recent paper [8] , using PROC SURVEYLOGISTIC, we derived unadjusted and adjusted odds ratios (ORs) and their 95% confidence intervals (CIs) to evaluate the association between exposure to EEDs and cervical cancer, ovarian cancer, or uterine cancer. We conducted separate analyses for the sum of dioxin-like and non-dioxin-like PCBs and individual PCB congeners and gynecologic cancers. Due to a small number of cervical, ovarian, and uterine cancer cases, ORs and 95% CIs were calculated using the following group: <LOD to 50th percentile vs. ≥ 50th percentile. The reference group for each PCB congener is defined as those participants whose serum concentrations were <LOD to 50th percentile.
Covariates
The following potential confounders were either self-reported in the questionnaire interviews or taken as a laboratory measurement. The demographic variables of age at interview (20-59 years, 60-74 years, and ≥ 75 years), race (white vs. other) were obtained during the NHANES home interview [8] . Reproductive variables including age at menarche (<12 years, 12-14 years, ≥ 15 years), parity (0, 1, ≥ 2), oral contraceptive use (yes/no) and lactation (yes/no) as well as lifestyle variables including smoking (yes/no) and alcohol use (yes/no) were obtained from health questionnaires completed in the mobile examination center. Body mass index (<25 kg/m 2 , 25 to <30 kg/m 2 and ≥ 30 kg/m 2 ) was obtained through the body measurement component in the mobile examination center [23] . For all EEDs, ORs and 95% CIs are reported for three models: unadjusted; age and race/ethnicity adjusted; and age, race/ethnicity, BMI, and age at menarche adjusted. Parity and oral contraceptive use, and lactation were not included in the models because of the extent of missing data. Smoking history and alcohol consumption were not significant predictors of gynecologic cancer risk and therefore were also not presented in the final models.
Results
PCB Descriptive Statistics
The study population included 2,008 female participants of 20 years of older age with available PCB data and who completed the medical conditions questionnaire and provided a response to "Have you ever been told by a doctor or other health professional that you had cancer or a malignancy of any kind?" question. Women who answered "yes" were subsequently asked, "What kind of cancer was it?" question. Among the women who reported no cancer or a gynecological cancer: 1,965 (91.5%) reported never being diagnosed with cancer, 43 (2.14%) reported being diagnosed with cervical cancer, 11 (0.56%) reported being diagnosed with ovarian cancer, and 26 (1.31%) reported being diagnosed with uterine cancer (Table 1) . Study participants were fairly evenly distributed between the two races: 48.6% were of non-Hispanic white ethnicity group and 51.4% were classified the group 'Other' . The majority of participants were 20-59 years of age at the time of interview (65.9%) ( Table 1 ). The mean age at the time of interview was 45.6 years for the women who reported to have never been diagnosed with cancer, 47.5 years, 52.0 years, and 52.4 years for women who reported being diagnosed with cervical cancer, ovarian cancer, and uterine cancer, respectively. The mean age at diagnosis was 30.6 years, 41.9 years, and 53.2 years for women diagnosed with cervical cancer, ovarian cancer, and uterine cancer, respectively (Table 1) . BMI was normal (<25 kg/m 2 ) for 35.5%, overweight (25 to <30 kg/m 2 ) for 28.6%, and obese (≥ 30 kg/m 2 ) for 39.0% of study participants. The majority of study participants reported an age of menarche of 12-14 years (64%), ≥ 2 live births (71.4%), responded yes to breastfeeding (57.6%), responded yes to oral contraceptive use (58.8%), responded no to a history of smoking (57.8%), and yes to alcohol consumption (54.5%) ( 
Phthalate and BPA descriptive statistics
The study population included 3,003 female participants of 20 years of age and older age with available phthalate and/or BPA data and who completed the medical conditions questionnaire and provided a response for "Have you ever been told by a doctor or other health professional that you had cancer or a malignancy of any kind?" question.Women who answered "yes" were subsequently asked, "What kind of cancer was it?" and "What was your age at diagnosis?" question. Among the 3,003 participants, 2,731 (90.4%) reported never being diagnosed with cancer, 28 (0.65%) reported being diagnosed with cervical cancer, 20 (0.47%) reported being diagnosed with ovarian cancer, and 27 (0.63%) reported being diagnosed with uterine cancer ( Table 2 ). The mean age at diagnosis was 30.5 years, 46.3 years, and 52.3 years for women diagnosed with cervical cancer, ovarian cancer, and uterine cancer, respectively (Table 2) . BMI was normal (<25 kg/m 2 ) for 28.3%, overweight (25 to <30 kg/m 2 ) for 28.6%, and obese (≥ 30 kg/m 2 ) for 39.3% of study participants. The majority of study participants reported age of menarche at 12-14 years (62.1%), ≥ 2 live births (74.0%), responded yes to breastfeeding (54.9%), and responded yes to oral contraceptive use (63.4%), responded no to a history of smoking (58.4%), and yes to alcohol consumption (57.1%) ( Table 2) . Table 3 presents GMs+GSEs of EEDs by gynaecologic cancer status. PCB 74, 99, 118, 138, and 153 were significantly higher in women diagnosed with uterine cancer and PCB 138, 153, and 180 were significantly higher in women diagnosed with uterine cancer compared to women never diagnosed with cancer. None of the PCB congeners were significantly higher in women diagnosed with cervical cancer (Table 3 and Figure 1 ). MHH was significantly higher in women diagnosed with ovarian cancer compared to women never diagnosed with cancer (Table 3 and Figure 2) . MHP was the only phthalate found to be significantly higher among women with a gynaecologic cancer compared to women never diagnosed with cancer. Women diagnosed with a gynaecologic cancer did not have significantly higher levels of BPA compared to women never diagnosed with cancer (Table 3 ). GM of EED levels were also examined by cancer status in women with individual PCB concentrations with >LOD (Table 4) . PCB 74, 99, 118, 138, and 153 were significantly higher in women diagnosed with ovarian cancer, and PCB 138 was significantly higher in women diagnosed with uterine cancer compared to women never diagnosed with cancer. For women with phthalate concentrations >LOD, GM levels did not differ between women diagnosed with a gynecologic cancer and women never diagnosed with cancer (Table 4 ). When observations <LOD were removed, BPA became significantly higher in women diagnosed with cervical cancer compared to women never diagnosed with cancer ( Table 6 . In unadjusted models, PCBs were significantly associated with cervical cancer risk for subjects in the second group (≥ 50th percentile) when compared to the reference group (<LOD to 50th percentile) for PCB congeners 138 and 153 (Table 5) . After adjusting for age and race/ethnicity, PCB138 was the only congener found to be significantly associated with cervical cancer (OR of 3.12; 95% CI: 1.32-8.74) ( Table 6 ). In addition, PCB138 remained significantly associated with cervical cancer (OR of 3.05, 95% CI: 1.21-7.69) when adjusted for age, race/ethnicity, BMI, lactation, and age at menarche (Table 6 ). Estimated ORs and 95% confidence intervals for the risk of having ovarian cancer and the six individual PCB congeners are shown in Table 7 . In unadjusted models, PCBs were significantly associated with ovarian cancer risk for subjects in the second group (≥ 50th percentile) when compared to the reference group (<LOD to 50th percentile) for PCB congeners 74 and 118 ( Estimated ORs and 95% confidence intervals for the risk of having uterine cancer and the six individual PCB congeners are shown in Table 8 . In unadjusted models, PCBs were significantly associated with uterine cancer risk for subjects in the second group (≥ 50th percentile) when compared to the reference group (<LOD to 50th percentile) for PCB congeners 138 and 153 ( Estimated ORs and 95% confidence intervals for the risk of having gynecologic cancers and dioxin-like and non-dioxin-like PCBs are shown in Table 9 . In the unadjusted models, dioxin-like and nondioxin-like PCBs were significantly associated with breast cancer, ovarian cancer and uterine cancer. In the age and race/ethnicity adjusted models, dioxin-like PCBs were significantly associated with ovarian cancer (OR of 1.95, 95% CI: 1.25-3.05). Non-dioxin-like PCBs were significantly associated cervical cancer (OR of 1.29, 95% CI: 1.18-1.40), ovarian cancer (OR of 1.32, 95% CI: 1.02-1.69), and uterine cancer (OR of 1.11, 95% CI: 1.01-1.22). After adjusting for age, race/ ethnicity, BMI, and age at menarche dioxin-like PCBs remained significantly associated with ovarian cancer risk (OR of 2.02, 95% CI: 1.06-3.85) and non-dioxin-like PCBs remained significantly associated with uterine cancer risk (OR of 1.12, 95% CI: 1.03-1.23) ( Table 9) . We further analyzed gynecologic cancer risk of dioxin-like and nondioxin-like PCBs using the following two groups: <LOD to 50th percentile (reference group) and ≥ 50th percentile. In subjects with PCB levels ≥ 50th percentile, breast cancer, ovarian cancer, and uterine cancer were associated with dioxin-like and non-dioxin-like PCBs in the unadjusted models. Non-dioxin-like PCBs were significantly associated with cervical cancer risk and ovarian cancer risk in the age and race/ethnicity adjusted models [ORs of 2.59, 95% CI: 1.04-6.42 and 6.62, 95% CI: 1.50-29.2], respectively. Dioxin-like PCBs were associated with the risk of ovarian cancer in the age and race/ethnicity adjusted models [OR of 6.32 (95% CI: 1.44-27.7). In the final adjusted models (age, race/ethnicity, BMI, age at menarche) the risk of ovarian cancer remained significant in dioxin-like PCBs [OR of 5.71 (95% CI: 1.12-29. Estimated ORs and 95% CIs for the risk of having cervical, ovarian, or uterine cancer and the eight phthalate metabolites, the sum of DEHP, and total phthalates are shown in Tables 10-12. We analyzed the phthalate levels in the following groups: <LOD to 50th percentile (reference group) and ≥ 50th percentile. Results are presented for two logistic regression models: age and race adjusted; and age, race/ ethnicity, BMI, and age at menarche adjusted. Results were not presented for unadjusted models age because the derived ORs and 95% CIs did not differ from the models presented. A significant association between cervical cancer and phthalates was not found in any of the models (Table 10) . Estimated ORs and 95% CIs for the risk of ovarian cancer and uterine cancer by concentration of the eight phthalate metabolites, the sum of DEHP, and total phthalates are shown in Tables 11 and 12 . In the age and race adjusted model, MEHHP showed a weak association with ovarian cancer [OR of 3.63 (95% CI: 1.00-13.2) p=.0497], however this association remained significant after adjusting for age, race/ethnicity, BMI, and age at menarche (Table 11) . None of the phthalates were significantly associated with the risk of uterine cancer (Table 12) . Estimated ORs and 95% confidence intervals for the risk of having cervical, ovarian, or uterine cancers by concentration of BPA are shown in Table 13 . The following two groups were used to estimate gynecologic cancer risk: <LOD to 50th percentile (reference group) and ≥ 50th percentile. Results are presented for three logistic regression models: unadjusted; age and race/ethnicity adjusted; and age, race/ethnicity, BMI, and age at menarche adjusted. None of the models showed a significant association between BPA and cervical cancer, ovarian cancer, or uterine cancer ( 
Discussion
In this cross-sectional study of women 20-85 years of age, we separately evaluated 6 individual PCB congeners, the sum of dioxinlike PCBs, the sum of non-dioxin-like PCBs, eight phthalate metabolites, the sum of DEHP, the sum of total phthalates, and BPA in association with gynecological cancers (cervical, ovarian, and uterine) in women. One of the major findings emerged from this study pointed out a possible association between chronic exposure to xenooestrogen -polychlorinated biphenyls and increased risk of developing ovarian and uterine cancers. Higher PCB levels were detected in the women diagnosed with ovarian cancer and cervical cancer compared to women never diagnosed with cancer. PCBs showed the most significant associations with all three cancers. After adjusting for all confounding variables, women with ovarian cancer had significant associations with PCB 74 and 118, and therefore the dioxin-like PCBs. Dioxin-like PCBs were significantly associated with ovarian cancer and non-dioxin-like PCBs were significantly associated with ovarian and uterine cancers, after adjusting for age, race, BMI, and age at menarche. In our study, exposure to PCB 138 showed the strongest associations to significantly increase the risk of cervical and uterine cancers. Epidemiological studies on the association of PCBs with cervical, ovarian, and uterine cancers are lacking, but results of this study are consistent with our findings in breast cancer studies that also reported higher PCB levels in breast cancer cases compared to controls [8] . Our findings are also in agreement with another study that showed increased levels of PCB 28; PCB 52; PCB 101; PCB 138; PCB 153 and PCB 180 in abdominal adipose tissue in cases of endometrial stromal sarcomas -rare uterine tumors [31] . While these results do not provide any evidence of causal associations, it is noteworthy that NHANES samples show higher body burdens of estrogenic PCB congeners in women with ovarian and uterine cancer compared to women never diagnosed with cancer. We and others have shown that many genes that respond to estrogen play important role to control the development and progression of cervical, ovarian and uterine cancers [3, 4] . We have recently reported that all three EDDs-PCBs, phthalates, and BPA influence five common genes-CYP19A1, EGFR, ESR2, FOS, and IGF1 in breast cancer as well as in endometriosis [4] . These genes are environmentally and estrogen responsive and altered in human breast and uterine tumors, endometriosis lesions, and participate in carcinogenesis pathways. These findings suggest that PCB-induced dysregulation of estrogen signaling pathway may contribute to the increased risk of gynecological cancers (cervical, ovarian, and uterine) in women.
Epidemiological studies on the association with phthalates and BPA with cervical, ovarian, and uterine cancers are lacking or limited. In this study MEHP levels was found to be higher in women never diagnosed with cancer. Mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) was weakly associated (p=0.0497) with ovarian cancer risk in the model adjusted for age and race but did not remain significantly associated when the additional variables of BMI and age at menarche were added. Higher levels of BPA were found in the urine samples of women with cervical cancer only.
There are a number of limitations in our study. The most important is its cross-sectional design with self-reported data that may over report and does not allow causal inferences. Self-reported data increases the risk of misclassification bias of cases and controls with the possibility of undiagnosed or incorrectly reported cancer cases. In the PCB data analysis, we had relatively small sample sizes for cervical cancer (n=27), ovarian cancer (n=11), and uterine cancer (n=26), resulting in decreased statistical power within subgroup analyses. Missing data on confounding reproductive variables such as parity and lactation is another limitation to this study. Furthermore, observed associations can be potentially confounded by the lack of information on family history of hormonal cancers. Nonetheless, this crosssectional study design has strengths that include a large sample survey size, availability of biological measurements of environmental contaminants, and oversampling of minority populations. We conclude that higher serum PCB concentrations in cervical, ovarian and uterine cancers subjects may be as a result of past exposures to higher environmental PCB concentrations and chronic exposure to xenooestrogen -PCBs may increase the risk of developing cervical, ovarian and uterine cancers. In addition, this study also presents a design to analyze individual as well as the additive, synergistic, or antagonistic combined effects of EEDs within a class or across classes. Our findings, coupled with the lack of available epidemiological evidence concerning EEDs exposures and cervical, ovarian, and uterine cancers warrants the need for future prospective studies to determine the potential role of environmental exposures to PCBs, phthalates, and BPA in the development of gynecologic cancers. Additional research is also needed to consider cumulative exposures of EEDs and their effects on the development of gynecological cancers.
